Scalar dark matter can interact with Standard Model (SM) particles, altering the fundamental constants of Nature in the process. Changes in the fundamental constants during and prior to Big Bang nucleosynthesis (BBN) produce changes in the primordial abundances of the light elements. By comparing the measured and calculated (within the SM) primordial abundance of 4 He, which is predominantly determined by the ratio of the neutron-proton mass difference to freeze-out temperature at the time of weak interaction freeze-out prior to BBN, we are able to derive stringent constraints on the mass of a scalar dark matter particle φ together with its interactions with the photon, light quarks and massive vector bosons via quadratic couplings in φ, as well as its interactions with massive vector bosons via linear couplings in φ. We also derive a stringent constraint on the quadratic interaction of φ with the photon from recent atomic dysprosium spectroscopy measurements.
I. INTRODUCTION
Measurements [1] [2] [3] and Standard Model (SM) calculations [4] [5] [6] [7] [8] [9] of the primordial abundances of the light elements produced during Big Bang nucleosynthesis (BBN) provide a valuable probe into physics beyond the SM, including axion-like pseudoscalar dark matter (DM) [10] , neutrinos and relativistic non-SM particles in the early Universe [1, 11] , DM reactions during BBN [1, 12, 13] , variations of the fundamental constants of Nature [1, 5, 6, 8, 9, [14] [15] [16] [17] [18] [19] [20] [21] and supersymmetric models [22] . BBN considerations have also been invoked to explain the fine-tuning of the weak scale in the SM [23] . For contemporary reviews of various aspects of BBN, we refer the reader to Refs. [24, 25] .
In our previous work [26] , we pointed out that a global cosmological evolution of the fundamental constants due to an oscillating scalar DM field φ that interacts with SM particles via quadratic couplings in φ is most stringently constrained by determination of the ratio of the neutronproton mass difference to freeze-out temperature at the time of the weak interaction freeze-out prior to BBN. The stringency of the constraints arises due to the high energy density of DM in the early universe compared with that at present, which enhances the effects of any possible variations of the fundamental constants due to the underlying field φ.
In the present letter, we derive constraints on the mass of a scalar DM particle φ together with its interactions with the photon, light quarks and massive vector bosons via quadratic couplings in φ, as well as its interactions with massive vector bosons via linear couplings in φ, by comparing the measured and calculated (within the SM) primordial abundance of 4 He, which is predominantly de-termined by the ratio of the neutron-proton mass difference to freeze-out temperature at the time of weak interaction freeze-out prior to BBN. We also derive a constraint on the quadratic interaction of φ with the photon from recent atomic dysprosium spectroscopy measurements. Our constraints are found to rule out large regions of previously unconstrained scalar DM parameter space.
II. THEORY
In the present work, we consider a scalar DM field φ, which can couple to the SM fields via the following linearin-φ interactions:
where the sum runs over all SM fermions f , m f is the standard mass of the fermion, f is the fermion Dirac field
where F µν are the components of the electromagnetic field tensor, and
where the sum runs over all SM massive vector bosons V , M V is the standard mass of the boson and V ν are the components of the wavefunction of the corresponding massive vector boson. Λ X is a very large energy scale, which is strongly constrained by equivalence principle tests, including lunar laser ranging [27, 28] and the EötWash experiment [29, 30] (see also [31] for constraints from stellar energy loss bounds). Eqs. (1), (2) and (3) alter the fundamental constants as follows, respectively:
The scalar DM field φ can also couple to the SM fields via quadratic-in-φ interactions, with the replacement φ/Λ X → (φ/Λ X ) 2 in Eqs.
(1) - (6) . Λ X is a large energy scale, which is constrained by astrophysical observations, most notably bounds from supernova energy loss, and equivalence principle tests [32] .
Scalar DM can thus induce a cosmological evolution of the fundamental constants. Changes in the fundamental constants during and prior to BBN alter the primordial abundances of the light elements. There are two limiting cases of particular interest to consider:
(i) φ is an oscillating field and interacts via SM particles via quadratic couplings in φ. This occurs when m φ H(t), where m φ is the mass of the scalar DM particle and H(t) = 1/2t is the Hubble parameter as a function of time [33] . The energy density of a non-relativistic oscillating scalar DM field is given by ρ scalar m
and for a non-relativistic cold field evolves according to the relationρ
where z(t) is the redshift parameter and the present mean DM energy density is determined from WMAP measurements [34] .
(ii) φ is a non-oscillating field and interacts with SM particles via linear or quadratic couplings in φ. This occurs when m φ H(t). The energy density of a non-oscillating scalar DM field is given by ρ scalar = m 2 φ φ 2 /2 and, due to Hubble friction, is approximately constant while the field remains non-oscillating:
where
For constraining the parameters of scalar DM from measurements and SM calculations of the primordial abundance of 4 He, it suffices to consider only the effects of variation of the fundamental constants due to scalar DM on the ratio of the neutron-proton mass difference to freeze-out temperature at the time of weak interaction freeze-out (t F ≈ 1.1 s), which determines the abundance of neutrons available for BBN (the vast majority of these neutrons are ultimately locked up in 4 He). The corresponding range of scalar DM particle masses for (i) is hence m φ 10 −16 eV, while the corresponding range of scalar DM particle masses for (ii) is m φ 10 −16 eV.
III. RESULTS
The loosest constraints on the parameters of φ are obtained by assuming that φ is a non-relativistic cold field at all times, which is produced either non-thermally (through vacuum decay [35] ) or thermally (with a very large mass). An example of a cold scalar DM field is a classical oscillating condensate, φ = φ 0 cos(ωt), which oscillates with frequency ω ≈ m φ c 2 / . We note that BBN and Cosmic Microwave Background (CMB) measurements do not rule out the existence of a relativistic scalar DM field [1] , and that a relativistic scalar DM field should provide even more stringent constraints on the underlying parameters than those derived in the present work, since for a relativistic oscillating DM field, the mean DM energy density evolves according toρ
4 . Constraints on scalar DM parameters follow from measurements and SM calculations of the abundance of 4 He produced during BBN, which depends strongly on the neutron-to-proton ratio at the time of the weak interaction freeze-out (T F = bM
Planck ) ≈ 0.75 MeV [33] ), where T F is the weak interaction freezeout temperature, θ W is the Weinberg angle, α is the electromagnetic fine-structure constant, M Planck is the Planck mass and b is a numerical constant. The neutronto-proton ratio at the time of weak interaction freeze-out is given by
where Q np is the neutron-proton mass difference: 
Extrapolating back to the time of weak interaction freezeout (∆t ≈ 180 s) with a neutron half-life of τ n = 880 s [34] , gives the measured and predicted n/p ratio at the time of weak interaction freeze-out:
which correspond to the following measured and predicted Q np /T F ratio:
The relative difference in the measured and predicted Q np /T F ratio is found to be (adding the experimental and theoretical uncertainties in quadrature):
(17) can be interpretted as a constraint on temporal variations in the underlying fundamental constants from the time of weak interaction freeze-out until the present time:
where we have made use of the relation cos(θ W ) = M W /M Z = 0.882 [34] .
The constraint (18) can be expressed in terms of φ and Λ X as follows (retaining only variations in the fundamental constants that are induced by the linear-in-φ interactions considered in the present work):
where κ X = ±1 correspond to the relevant signs in the Lagrangians (1) -(3). For a non-oscillating scalar DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves according to (8) , this leads to
where we have made use of the fact that | φ weak | | φ 0 | and the relation [1 + z(t m )]/(1 + z F ) t F /t m during and after BBN (but at much earlier times than electron-proton recombination), and assumed that scalar DM saturates the present-day DM energy density. We note that a single type of measurement does not give constraints on the individual parameters appearing in (20) , but rather gives constraints on a combination thereof. However, we can extract useful information about the underlying parameters by sequentially assuming that individual terms within (20) dominate the others. The resulting region of parameter space excluded by comparison of measurements and SM calculations of the primordial abundance of 4 He is shown in Fig. 1 , in terms of the parameterΛ V = |Λ W Λ Z /(Λ Z − 1.40Λ W )|, assuming κ W = κ Z . For the linear interaction of φ with the photon and light quarks, the BBN limits are weaker than existing limits from equivalence principle tests [29, 30] and dysprosium spectroscopy measurements [37] in the mass range of interest.
The constraint (18) can also be expressed in terms of φ and Λ X as follows (retaining only variations in the fundamental constants that are induced by the quadraticin-φ interactions considered in the present work):
For an oscillating scalar DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves accord- 
ing to (7) , this leads to
where we have made use of the fact that φ and assumed that scalar DM saturates the presentday DM energy density. For a non-oscillating scalar DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves according to (8) , this leads to
where we have made use of the fact that φ 
Note that we have extrapolated the constraints from the two limiting mass ranges to the connecting central region.
We have also derived constraints on the quadratic interaction of φ with the photon, using data from recent atomic dysprosium spectroscopy measurements in Ref. [37] pertaining to oscillating variations in α. These constraints are presented in Fig. 2 .
IV. CONCLUSIONS
By comparing the measured and calculated (within the Standard Model) primordial abundance of 4 He, which is predominantly determined by the ratio of the neutronproton mass difference to freeze-out temperature at the time of weak interaction freeze-out prior to Big Bang nucleosynthesis, we have derived stringent constraints on the mass of a scalar dark matter particle φ together with its interactions with the photon, light quarks and massive vector bosons via quadratic couplings in φ, as well as its interactions with massive vector bosons via linear couplings in φ. We have also derived constraints on the quadratic interaction of φ with the photon from recent atomic dysprosium spectroscopy measurements. The new constraints derived in the present work rule out large regions of previously unconstrained scalar dark matter parameter space. Λ γ Λ V . Region below black line corresponds to constraints from supernova energy loss bounds [32] . Region below red line corresponds to constraints derived in the present work from the data of recent atomic dysprosium spectroscopy measurements in [37] .
FIG. 3. (Color online)
Region of scalar dark matter parameter space ruled out for the quadratic interaction of φ with light quarks. Region below blue line corresponds to constraints derived in the present work from comparison of measurements and SM calculations of the ratio Qnp/TF, for the caseΛ q Λ γ ,Λ q Λ V . Region below dashed black line corresponds to constraints on Λ p from supernova energy loss bounds [32] . Strictly, the limits are independent, since they contain different linear combinations of the quark interaction parameters. 
